A phase transition has been observed in bis(pyridinium )hexachlorom etallates (CsH 5N H )2[M lvC lfi]. M = Sn. Te. Pb. Pt. T he crystal structure_of the low tem p e ra tu re phase II o f the salt w ith M = Sn was d eterm ined, space group C j -P l . Z = 1 (a = 7 3 4 .1 p m , b= 799.0 pm . c = 799.7 pm . a = 83.229°. ß = 65.377°, y = 84.387°, r = 297 K). T he four com pounds are isotypic in phase II as well as in the high tem p e ra tu re phase I (C 7h-B 2 /m . Z = 2) for w hich the crystal stru ctu re is known for M = T e . The lattice constants o f all com pounds (both phases) are given. The tem perature dependence o f the 35C1 N Q R spectrum was investigated. T he three line 35C1 N Q R spectrum is in agreem ent w ith the crystal structure. T he dynam ics o f the pyridinium ring shows up in a fade out o f part o f the 35C1 N Q R spectrum . T he influence o f H * -* D exchange on ^C1 N Q R is studied and an assignm ent o f v ( 35C1) «-*• C l(,) is proposed. T he natu re o f the phase transition PI (Z = 1) «-> B 2 /m (Z = 2) is discussed.
Introduction
Many hexachlorometallates with the composition (A')2MC16 and AhMC16 • 6 H20 have been studied by 3 5 3 7 C1 NQR spectroscopy during the last twenty years; for a review see [1. 2] sphericity of the substituted ammonium ions leads to consequences for the octahedral symmetry of [MC16]2_. Both, the overall dynamics of the sub stituted ammonium ions in the lattice and the sub stitutional group dynamics, e.g. of the CH 3 -group. may counteract the decrease in symmetry initiated by the hydrogen bond.
"Large" cations A+ or A:+. having low symmetry by nature and. additionally, the power of forming hydrogen bonds to the Cl-atoms in [MC16];~ found our interest recently. We have reported 35C 1 NQR work and crystal structure studies on a group of salts (H3N (CH2)2N H 3 )2+[MC16]2-, M = Sn, Te, Pb, Pt [3] and Brill and Welsh [4] have reported some 35Cl NQR frequencies at room temperature for (C5H5NH)2[MC16], M = SnIV, T eIV, PbIV As much as the crystal structures of bis(pyridinium)hexachlorometallates(IV) is concerned. Aynsley and Hazell [5] performed single crystal X-ray work on (C5H5NH) 2[TeCl6] . including a determination of the unit cell dimensions and the space group: Khodadad et al. determined the room temperature crystal structure of this compound [6 ] , Values of d(hkl) for bis(pyridinium)hexachloroplatinate can be found in [7] , The pyridinium ion [C5H 5N H ] 4 is an interesting cation with respect to its behaviour in the lattice and the hydrogen bond interactions with the anions of the salt. One may expect strong librational 0932-0784 / 87 / 0700-0739 $ 01.30/0. -Please order a reprint rather than making your own copy. HC1 was added. The yellow precipitate was filtered off and redissolved in concentrated hydrochloric acid while chlorine gas was passed through the solution. Chlorine gas was also passed through the solution during cooling whereby the compound precipitated. The crystalline solid was filtered off immediately thereafter and dried over CaCl2 in a dessicator. The yields for all preparations described above were nearly quantitative. All chemicals used for the pre parative work were form commercial source and of laboratory grade. In Table 1 the chemical analysis, habitus of the crystalline compounds, colour, and melting points are listed.
Crystal Structure Analysis
The crystal structure of bis(pyridinium)hexachlorostannate was studied in detail at room tem perature by single crystal technique. In Table 2 the experimental conditions and parameters are listed together with crystallographic data (lattice con stants, space group etc.). According to the transition points of the bis(pyridinium)hexachlorometallates, which have been found from 35C 1 N Q R spectros copy (see Table 8 ), we determined the structure of the low temperature phase of (C5H 5N H )2[SnCl6], Phase II. while Khodadad et al. [6 ] investigated the high temperature phase of (C5H5N H )2 [TeCl6]. By Debye-Scherrer technique X-ray powder diffraction diagrams were taken for all compounds in question using a position sensitive detector and CoKa- radiation ( / = 178.81 pm). From the results of the crystal structure determination of bis(pyridinium)-hexachlorostannate (low temperature phase II) and the bis(pyridinium)hexachlorotellurate [6 ] (high temperature phase I) theoretical patterns were calculated and have been used for the calibration of the position sensitive detector. To generate the different temperatures, the sample was placed in a gas stream. The temperature accuracy is ± 2 K. We could not determine the crystal parameters of the low temperature phase II of (C5H5N H )2[TeCl6], because of low transition temperature Tc, which is outside of the range of the powder diffractometer available to us. 
R esults

X-Ray Diffraction
The X-ray structure analysis of bis(pyridinium)-hexachlorostannate (low temperature phase II) started with a Fourier syntheses with Sn at 0, 0, 0, from which the positions of the other atoms followed. After refinement by least squares cycles a difference Fourier map was calculated. The posi tions of the hydrogens were taken therefrom. Isotropic temperature factors were refined for the hydrogens, anisotropic ones for the other atoms. The resulting reliability factors and conditions for the single crystal structure determination of bis-(pyridinium)hexachlorostannate and the results are listed in Table 2 . In Table 3 the positional and thermal parameters of the crystal structure are given. In Table 4 the bond distances and bond angles are listed for this compound. From powder diffraction diagrams the unit cell dimensions of the corresponding bis(pyridinium)hexachlorometallates were determined. The cell constants of all com pounds in the high (I) and low (II) temperature phase are given in Table 5 .
35C1 N Q R
In Fig. 1 To rationalize the NQR spectra the experimental data was approximated by a power series v(T) = ^a , T !.
The coefficients of this power series are listed in Table 6 and in Table 7 resonance frequencies are given at selected temperatures. From the curves v(35C1) = j \ T ) , see Figs. 1-4 . the phase transition temperatures Tc were extracted. They are listed in Table 8 .
D iscu ssion
Crystal Structure
The crystal structure of bis(pyridinium)hexachlorostannate. phase II, shows [SnCl6]2~ octahedra centered with the Sn-atom at the corners of the unit cell in 0. 0. 0. The distortion of the octahedra is only slight. <7/(Sn-Cl)> = 243 ± 3 pm.
(C l-S n -C l)) = 90.0° ± 1 .2°, see Table 4 . The two cations (C5H 5N H)+ fill the free space in the interior of the cell and they are connected by the center of sym metry at
In Fig. 5 the crystal structure of (C5H 5N H ):[SnCl6], phase II. is shown in projection along b. It is seen that each pyridinium cation is connected by a trifurcated hydrogen bond to two neighbouring [SnCl6] octahedra. The hydrogen bond distances and angles are listed in Table 9 . One of these hydrogen bond directions points to an atom between the pyridinium rings to form planes (0, 1,1). The pyridinium rings are nearly planar with a maximum deviation of 1 pm from the best plane through the carbon and nitrogen atoms. The planarity is also seen from the sum of the bond angles C -C -C , C -N -C and N -C -C , which is 120°, see Table 4 . The trifurcated hydrogen bond system N -H ... [Cl(2), C l(3), Cl(3)} forms a axially distorted tetrahedron with angles N -H . . . Cl of 124° ± 3° (see Table 9 ). In Fig. 6 the projection of Table 5 we have Fig. 5 . Projection o f the unit cell onto the ac-plane includ ing the hydrogen bond schem e (see T able 9). In this figure, as in the follow ing ones, the hydrogen atom s bonded to carbon atom s are om itted. Going through Tc from phase II to phase I, Ja| increases slightly (~ 4%) whereas \c\ decreases by about the same amount. \b\ is practically un changed as are the angles a, ß and y. The overall effect is seen by comparing the volumes ^(I) with the volumes ^(11). The difference in temperatures at which the unit cells of the phases I and II have been determined, AT % 4 0 -4 5 °C, results in a AV of 0.5 to 1.8%, being smallest for the Pt-compound and largest for the Pb-salt. The very small shifts in the mutual contacts of the ions in the lattice by passing Tc is reflected in AH (transition); we have not been able to detect it by differential thermal analysis for any of the four compounds.
The octahedron [SnCl6] conserves its symmetry 1 during the transition I <-> II, e.g. there are three crystallographically inequivalent Cl-atoms within the octahedra in both phases. In phase I, a mirror plane perpendicular to the ring C5H6N makes the atoms C (1) and N, C (3) and C (4) and C (2) and C (5) equivalent. Therefore the symmetry shows that in the high temperature phase the pyridinium ion either rotates around an axis perpendicular to the ring plane or a flipping motion around this axis with a period of n • 60° occurs. X-ray diffraction or neutron diffraction can not distinguish between these two modes because the time scales of the (1 -x , -y , 1 -z 
an interesting result is found. For the two lines on the lower part of the frequency scale, deuteration at the nitrogen site leads to an increase in frequency, and for the high frequency line -the one which persists into phase I -the opposite is true. In Table 10 these isotope induced frequency shifts are listed. The effect of deuteration, going in different directions, is of some help in assigning hydrogen bonds to certain atoms in the unit cell [16] . In the problem discussed here, two of the Cl-atoms out of the three crystallographically inequivalent ones have something to do with a hydrogen bond N -H ... Cl, while the third Cl-atom is practically not influenced by hydrogen bonding. When looking on Tables 4 and 9 and Figs. 5 and 6 , one finds that it is Cl(2) which is connected by two short hydrogen contacts with two different ions (C5H5N H )+, and its distance to the central atom M 1V is the longest one in the list of d(S n-C l). An increasing distance d (S n -C l) can be related to increasing ionic character of the bond S n -C l, which in the frame of Townes-Dailey theory [17] leads to a decrease of 35C 1 NQR frequencies. Taking the Ubbelohde effect, see [18] , into account accord ing to which in 0 -H ( D ) . . . 0 systems the O -D bond is normally shorter than the O -H bond and transferring this effect to bonds N -H ( D ) ... Cl, the distance D ...C 1 will be longer than H ...C 1. This means that the hydrogen bond in the protonated system is stronger and the corresponding 35C 1 NQR frequency lower than in the deuterated species. Such a behaviour was observed for the ethylenediammonium hexachlorometallates [3] . The middle one of the 35C 1 NQR lines in the low temperature triplett is somewhat differently influenced by an exchange H -► D. We ascribe the line v2 to the atom C l(2). It is interesting to note that the H -► D effect on v(35Cl(2)) decreases with increasing temperature while the opposite is observed for v (35C l(3) ). The atom Cl (1) is not incorporated in the hydrogen bond system. The highest 35 C1 NQR frequency belongs to it. Whereas the lines v(35C l(2)) and v(35C l(3)) show a fade out. the atom C l(1) is not influenced by the dynamics of the trifurcated hydrogen bond system. The assignment proposed here, V ] (35C1) «-* C l(l), v'2 (35C1) <-> C l(2) and v3 (35C1) <-> C l<3) is based on qualitative arguments. Single crystals Zeeman split NQR spectroscopy, see e.g. [19] , would give a unique assignment.
The lowering of Tc by deuteration of a system R -N -H ... Halogen was observed several times [20, 21, 22] . The shifts of the 35C 1 NQR frequency -7 12 -2 due to the ring deuteration, C5H5NH -* C5D5NH is smaller than the shifts due to the exchange C5H5NH -► C5H5ND, and the difference is more pronounced for v2 and v3 than for vi. The exchange C5H5NH -► C5D5NH is mainly affecting the lattice dynamics via the lower lying rotational-vibrational modes.
